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INTRODUCTION 

The Bureau of  Mines has  made an explora tory  s tudy  of t h e  r eac t ion  of coa l  
i n  a plasma j e t  i n  which plasma temperatures up t o  about 15,000° C can be a t -  
t a ined .  The ob jec t ive  w a s  t o  obta in  new knowledge of coal chemistry which may 
l ead  to  new methods of producing chemicals from coa l .  Plasma c o n s i s t s  of more 
o r  less ionized gases  o r  vapors ,  and is present  i n  any e l e c t r i c a l  discharge.  
Temperatures generated i n  e l e c t r i c a l  d i scharges  a r e  h igh  enough f o r  molecular 
bonds t o  b e  broken and f o r  the  r e s u l t a n t  atoms t o  d i s s o c i a t e  i n t o  ions  and e l ec -  
t r o n s .  The complex mixture  of  i ons ,  e l e c t r o n s ,  n e u t r a l  atoms, and exc i ted  mole- 
cu le s  produced is  c a l l e d  a p la sma  and i s  r e fe r r ed  t o  as the  fou r th  s ta te  of 
matter.  It conducts e l e c t r i c i t y ,  i s  a good hea t  conductor, and i s  luminous. 
The h ighly  exc i ted  spec ie s  t h a t  e x i s t  i n  plasmas can r e a c t  t o  produce compounds 
whose formation i s  thermodynamically unfavorable a t  conventional condi t ions .  

A plasma j e t  i s  formed when plasma generated from a f l u i d  flowing through 
an  e l e c t r i c a l  arc confined wi th in  a chamber i s  made t o  flow out of t he  chamber 
through a nozzle o r  o r i f i c e .  
years  t o  study high-temperature chemical syntheses .  
a consumable g r a p h i t e  anode, produced ace ty l ene  by r eac t ing  the  g raph i t e  w i t h  
hydrogen i n  an argon-hydrogen plasma. About 34 percent  of t he  carbon consumed 
w a s  converted t o  ace ty lene .  Adding g raph i t e  i n  powdered form did  n o t  increase  
t h e  y i e l d  of ace ty lene .  These same inves t iga to r s  a l s o  reac ted  methane in  argon 
plasmas and converted 80 percent  of t h e  carbon in  the  methane t o  ace ty lene .  
Acetylene synthes is  has  a l s o  been repor ted  by Freeman and S k r i v a d f  , who reacted 
methane i n  argon and argon-hydrogen plasmas, and by Baddour and Iwasy@/, who r e -  
ac ted  hydrogen with carbon vapor obtained from a consumable g raph i t e  e l ec t rode .  

Various plasma jet devices  have been used i n  r ecen t  
Leutner and Stokes&/, using 

The plasma-jet  device  used i n  the  present  study was a commercial plasma gun 
designed f o r  spray-coating app l i ca t ions .  
A bituminous (hvab) coa l  u s ing  argon a s  the  working gas and a l s o  a s  a c a r r i e r  gas 
i n  which coa l  w a s  e n t r a i n e d  and fed  i n t o  the  plasma gun. The e f f e c t s  of coal 

Experiments were made w i t h  h igh -vo la t i l e  

rate, c o a l  p a r t i c l e  s i z e ,  and plasma temperature on y i e l d s  and product composi- 
t i o n  w e r e  determined. 

,, 

EWERIMEWAL PROCEDURE 

Apparatus 

The plasma-jet  u n i t  c o n s i s t s  of a plasma gun, product recovery system, coa l  
f eede r ,  power supply,  cool ing water f a c i l i t i e s ,  and a con t ro l  console.  Direct 
c u r r e n t  used to  ope ra t e  the plasma gun i s  suppl ied  by two 3-phase a l t e r n a t i n g  
c u r r e n t  transformers and selenium r e c t i f i e r s .  This system i s  r a t e d  a t  28 kw and p 
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is capable of de l iver ing  700 amp a t  40 v o l t s  o r  350 amp a t  80 v o l t s .  
conta ins  a high-frequency o s c i l l a t o r  used t o  s t a r t  an a r c .  The e l e c t r i c a l  po- 
t e n t i a l  required t o  s u s t a i n  an argon plasma w a s  about 20 v o l t s .  

It a l s o  

The plasma gun, shown schematical ly  i n  f i g u r e  1, has a 3116-inch thor ia ted  
tungsten cathode and a l14-inch i d  c y l i n d r i c a l  water-cooled copper anode. 
working gas e n t e r s  t h e  gun r a d i a l l y  near  t h e  cathode and flows downward i n t o  the  
anode. The gas is  converted t o  a plasma a s  i t  flows through t h e  e l e c t r i c a l  d i s -  
charge between e l e c t r o d e s .  Coal en t ra ined  i n  the c a r r i e r  gas e n t e r s  the  plasma 
through an i n l e t  in the s i d e  of the anode. The r e a c t i o n  mixture  leaves t h e  bottom 
of t h e  anode as a luminous j e t  and flows down through the  r a t e r - j a c k e t e d  cooler  
which c o n s i s t s  of a 3-inch copper tube about 12 inches long.  
of c o a l  i n  t h e  plasma is l e s s  than a mil l isecond.  Reaction products leave the  
cooler  a t  s e v e r a l  hundred degrees C and e n t e r  the s o l i d s  r e c e i v e r  v i a  a d i p  tube.  
The r e c e i v e r  is 6 inches i n  diameter and 12 inches long and contains  about 3 i n -  
ches of water .  Most of the  s o l i d s  c o l l e c t  i n  the bottom of the  r e c e i v e r ,  while 
the  gases  and f i n e r  s o l i d  p a r t i c l e s  a t  near  room temperature bubble up through 
the  water  and a tubular  b a f f l e .  Gases flow through a c l o t h  f i l t e r ,  which c o l l e c t s  
a d d i t i o n a l  f i n e s ,  and a r e  sampled, metered, and vented.. 

Operat ing Procedure 

The 

The residence t i m e  

The system is assembled, purged wi th  argon, and pressure  t e s t e d .  Flows of 
cool ing water and working gas a r e  e s t a b l i s h e d ,  and then t h e  e l e c t r i c a l  discharge 
between e lec t rodes  is s t a r t e d .  The flow of c a r r i e r  gas is e s t a b l i s h e d ,  and the 
c o a l  feeder  i s  star ted.  Coal is fed i n t o  the  plasma gun f o r  10 minutes unless  a 
coa l  feed stoppage o r  o t h e r  system f a i l u r e  causes a premature terminat ion of an 
experiment. I n i t i a l l y ,  the system is a t  a pressure  of about 3 t o  4 p s i g  but 
gradual ly  increases  s e v e r a l  p s i  a s  s o l i d s  accumulate on the  f i l t e r .  
of cool ing water e n t e r i n g  and leaving t h e  plasma gun a r e  measured. 
a r e  sampled af te r .  s teady state condi t ions are reached. 
experiment,  s o l i d  products a r e  washed from t h e  cool ing system, r e c e i v e r ,  f i l t e r ,  
t r a p ,  and interconnect ing l i n e s  wi th  water .  The washings a r e  combined, and then 
t h e  s o l i d s  a r e  f i l t e r e d  and dr ied  i n  a i r  a t  70° C f o r  20 hours .  

Temperatures 
Product gases  

A t  the  conclusion of an 

Calcula t ions  

T o t a l  power input  is determined from e l e c t r i c a l  cur ren t  and vol tage  measure- 
ments a t  the gun, whereas n e t  power input  t o  the  plasma is  ca lcu la ted  as the d i f -  
fe rence  between t o t a l  power input  and the  power l o s s  t o  t h e  cool ing water .  The 
enthaSpy of the  primary gas and the average plasma temperature are determined from 
the  n e t  power input  i n t o  t h e  plasma, the  working gas flow r a t e s ,  and a p l o t  of 
s p e c i f i c  enthalpy as a func t ion  of temperature.  
energy loss other  than t h a t  t o  t h e  cool ing water.  

, 

This c a l c u l a t i o n  assumes no 

Yields  of s o l i d s  are determined from weighings of c o a l  fed and s o l i d s  r e -  
Y i e l d s  of  gaseous products  a r e  c a l c u l a t e d  from analyses  of product gas 

This  c a l c u l a t i o n  assumes constant  c o a l  
covered. 
and the known c o a l  and argon feed r a t e s .  
feed r a t e  and s teady s t a t e  condi t ions  a t  the t i m e  the  gases  were sampled.  

RESULTS AND DISCUSSION 

Reactions of 70 x 100 Mesh Coal 

Experiments w i t h  70 x 100 mesh coal ( U . S .  s ieve)  w e r e  made us ing  feed r a t e s  
Argon r a t e s  were cons tan t  a t  1 . 1 7  scfm as of about 3 . 1  and 1.1 pounds per  hour.  

the primary gas and 0.26 scfm as the  carrier gas .  
r a t e  was' var ied  t o  g ive  average plasma temperatures ranging from 3,40O0 to 7,700' C 

The power input  a t  each coa l  
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Figure 1.- Schemat ic  d iagram of the plasma generator 
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a t  about 3.1 pounds per  hour and from 3,900' t o  8,600' C a t  about 1.1 pounds p e r  
hour.  
ane,  acetylene,  d iace ty lene ,  and carbon monoxide. 

Reaction products were a s o l i d  res idue  and a gas  conta in ing  hydrogen, meth- 

Operating condi t ions ,  y i e l d  d a t a ,  and analyses  o f  the coa l  feed and res idues  
produced a r e  shown i n  t a b l e  1. 
and ash-free (maf) coa l .  
power input ( o r  average plasma temperature) had only a s l i g h t  e f f e c t  on t h e  e x t e n t  
of coa l  decomposition. 
3,400' C t o  89 percent  a t  7,700' C .  
almost l i n e a r l y  from 0.4 to  1.1 percent  and from 2.6 t o  4.5 percent  respec t ive ly .  
The y i e l d  of methane was cons tan t  a t  about 0.2 percent ,  while t h e  y i e l d s  of  d i a -  
ce ty lene  showed no s i g n i f i c a n t  t rend .  With a c o a l  r a t e  of about 1.1 pounds per 
hour ,  the e f f e c t  of increas ing  the  plasma temperature on y i e l d s  w a s  s i m i l a r .  
of  res idue decreased while  y i e l d s  of hydrogen increased from 0.4 t o  1 . 7  percent ,  
y i e l d s  of acetylene increased from 2 . 2  t o  6 .0  percent ,  and y i e l d s  of diacetylene 
increased from 0.1 t o  0.6 percent  wi th  increas ing  temperature.  
ane produced was again cons tan t  a t  about 0.2 percent .  A t  both c o a l  r a t e s ,  y i e l d s  
of carbon monoxide increased wi th  increas ing  temperature.  

Yields  a r e  expressed a s  weight-percent of  moisture- 
A t  a coa l  r a t e  of 3.1 pounds per hour,  increas ing  the  

Yields  of s o l i d  res idue  decreased from 92.2 percent  a t  
Yields of hydrogen and ace ty lene  increased 

Yields  

The amount of meth- 

The e f f e c t  of decreasing the c o a l  feed rate from 3.1 t o  1.1 pounds p e r  hour 
can be seen by comparing the r e s u l t s  from experiment 9 with  experiment 18 and 
experiment 10 with experiment 14. Estimated plasma temperatures i n  each p a i r  of 
experiments were comparable. A t  the  lower coa l  r a t e ,  higher  c o a l  hea t ing  r a t e s ,  
higher  average coa l  temperatures ,  and, hence, more ex tens ive  c o a l  decomposition 
would b e  expected because t h e r e  was more hea t  a v a i l a b l e  per  u n i t  weight o f  coal .  
However, there  was no s i g n i f i c a n t  e f f e c t  of c o a l  r a t e  on y i e l d s  of gaseous pro- 
duc ts  i n  these experiments.  Although the y i e l d s  of s o l i d  res idue  were about 5 per -  
cen t  lower a t  the  lower c o a l  r a t e ,  t h i s  i s  not n e c e s s a r i l y  an i n d i c a t i o n  of more 
c o a l  decomposition. Carbon recover ies  were a l s o  lower by about the same amount, 
and i t  i s  poss ib le  t h a t  l o s s e s  of  s o l i d  products were higher  a t  t h e  lower coa l  r a t e .  

Analyses of the s o l i d  res idues  showed t h a t  ex tens ive  thermal decomposition did 
n o t  occur i n  any of the  experiments because the coa l  was n o t  heated s u f f i c i e n t l y .  
U l t i m a t e  analyses  of t h e  c o a l  and res idues  d i d  n o t  d i f f e r  apprec iab ly ,  and the 
res idues  contained only 3 t o  6 percent  l e s s  v o l a t i l e  mat te r .  It i s  poss ib le  t h a t  
most of the c o a l  p a r t i c l e s ,  because of poor mixing, remained i n  the  periphery of the 
plasma where temperatures a r e  much lower than along the  a x i s .  

The d is tance  between t h e  coa l  e n t r y  p o r t  of the anode and the  discharge p o r t  
i s  114 inch. This may be considered as  t h e  coal-plasma mixing zone. To improve 
the  mixing of coa l  and plasma, an anode w a s  modified t o  g ive  a th reefo ld  increase  
i n  the  length of the mixing zone. Experiments were then performed a t  condi t ions 
s i m i l a r  to  those i n  experiments 14, 16, and 18 (1.1 pounds of c o a l  per  hour).  HOW- 
ever, as y i e l d s  and u l t i m a t e  compositions of t h e  res idues  produced i n  the  two sets 
of  experiments were s i m i l a r  a t  comparable condi t ions ,  t h i s  change w a s  i n e f f e c t i v e .  
Assuming t h a t  better mixing w a s  achieved wi th  the  extended nozzle ,  i t  appeared t h a t  
hea t  t r a n s f e r  rate r a t h e r  than the  degree of mixing l imi ted  t h e  temperature rise 
and ex ten t  of coa l  decomposition. 

Reaction of -325 Mesh Coal 

To reach higher c o a l  temperatures,  the  p a r t i c l e  s i z e  of the  c o a l  feed was de- 
creased t o  -325 mesh. Experiments were made wi th  power input  as a v a r i a b l e ,  and 
average plasma temperatures of 4,800°, 7,300', and 8,800' C were obtained.  Argon 
r a t e s  were constant  a t  1.17 scfm a s  working gas and 0.26 scfm as c a r r i e r  gas.  
Average coal  r a t e s  were 1.03, 0.84, and 0.74 pounds per  hour although intended t o  
be 1.0 pound per  hour.  Product d i s t r i b u t i o n s  and the  analyses  of t h e  coa l  feed and 
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TABLE 1.- Reactions o f  70 x 100 mesh hvab coa l  i n  argon plasmas 
E f f e c t s  of power input  and coa l  feed 

rate on y i e l d s  and r e s idue  compositions 
(1.17 scfm argon as primary gas,  0.26 scfm argon a s  c a r r i e r  gas) 

Experiment number 
Average coa l  r a t e ,  l b / h r  
Average plasma temp., C 
T o t a l  power input ,  kw 
N e t  power input ,  kw 

Products ,  w t  p c t  maf c o a l  
Sol id  res idue ,  maf 
Hydrogen 
Me thane 
Acetylene 
Diacetylene 
Carbon monoxide 

T o t a l  

Carbon recovery,  p c t  
Hydrogen recovery, p c t  

Analyses, w t  p c t  
Ma te r i a l  Coal 

Moisture 0.8 
Ash 3 -8 

9 10 4 18 14 16 
3 .11  3.06 3.14 1 .20  0.99 1.11 

3,400 6,300 7 , 7 0 0  3,900 6,600 8,600 
3.8 7 . 3  9.4 4 .1 7 . 5  12.6 
1 . 7  3.2 3.9 2 .0 3.3 4.7 

92.2 89.2 89.0 87.7 84.0 7 8 . 3  
0 . 4  0.8 1.1 0 . 4  1.0 1.7 

.2 .2 0 .3  .2  0.1 0 .2  
2.6 3.5 4.5 2.2 4.3 6 .0  
0.3 0.3 - 0.1 0 .4  0 . 6  
4 . 1  5.3 5.6 3.8 5.6 11.0 

99.8 99.3 100.5 94 .4  95.4 97.8 

96.8 96.8 97 .1  91.3 92.3 92.8 
96.4 98.0 105.4 94.2 100.3 104.1 

-_----__-------  Sol id  residue--------------- 
0.8 1.3 0.4 0.1 0.6 0 .6  
4 .4  5.4 5.1 4 .7  4.2 4.6 

U l t i m a t e  composition, maf b a s i s  
H 5.6 5.2 5 . 1  5.0 5 . 3  5.2 4 .6  
C 84.3 83.3 87.5 87.0 8 3 . 4  87.4 86.0 
N 1 .7  1.7 1.6 1.5 1 . 6  1.6 1.5 
S 0 . 9  0.9 0.9 1 .o 0 . 8  0.8 0 . 9  
0 (by d i f fe rence)  7 . 5  8.9 4.9 5.5 8 . 9  5.0 7.0 

V o l a t i l e  matter, 
rnaf b a s i s  37.6 34.8 31.2 32.6 34.4 33.9 3 1 . 1  
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s o l i d  r e s idues  produced a r e  shown i n  t a b l e  2. As power input  w a s  increased, 
y i e l d s  of s o l i d  res idue  decreased from about 7 4  t o  45 percent  and y i e l d s  of 
hydrogen and ace ty lene  increased .  N o  t rends  were observed i n  the  y i e l d s  of 
methane and carbon monoxide. Trace q u a n t i t i e s  of d iace ty lene  were formed i n  
each experiment. 

There was considerably more decomposition i n  a l l  experiments wi th  -325 mesh 
coa l  than i n  experiments w i th  7 0  x 100 mesh coa l .  
reached higher temperatures.  
-325 mesh coa l  w e r e  much lower, and y i e l d s  of gaseous products were much h igher .  
In experiments w i th  7 0  x 100 mesh coa l  i n  argon plasmas, t h e  h ighes t  y i e ld  of 
ace ty lene  obtained was 6 percent.  
ment contained 31 weight-percent v o l a t i l e  mat te r  on a maf b a s i s .  As shown i n  
t a b l e  2 ,  ace ty lene  y i e l d s  obtained from -325 mesh coa l  were about 10, 12, and 
15 percen t ,  and t h e  r e s idues  contained about 17, 10, and 12 percent  v o l a t i l e  
mat te r .  
on t he  ex ten t  of coa l  decomposition. However, the  -325 mesh coa l  was s t i l l  no t  
completely d e v o l a t i l i z e d  although i t  i s  estimated t h a t  coa l  temperatures of about 
2,900° to  6,300° C would have been reached i f  thermal equi l ibr ium had been a t t a i n e d .  
Complete d e v o l a t i l i z a t i o n  would be expected a t  a temperature somewhat above l , O O O o  C .  

The -325 mesh coa l  ev iden t ly  
V o l a t i l e  ma t t e r  conten ts  of t h e  res idues  from 

The s o l i d  res idue  produced from this exper i -  

These r e s u l t s  c l e a r l y  show t h a t  p a r t i c l e  s i z e  had a pronounced e f f e c t  

Tota l  y i e l d s  and carbon and ash recover ies  were low i n  experiments 40 and 41 
( t a b l e  2), poss ib ly  because o f  Losses of extremely f i n e  s o l i d  res idue  t h a t  f i l -  
t e r ed  through the  recovery system. In a l l  th ree  experiments,  t he  recover ies  of  
hydrogen and oxygen were h igh ,  and i n  experiments 38 and 40, t h e  y i e l d s  of carbon 
monoxide obtained would not be poss ib l e  even i f  a l l  t he  oxygen i n  the  coa l  had 
been converted t o  carbon monoxide. It i s  l i k e l y  t h a t  some leakage of cooling water 
i n t o  the  plasma had occurred. The r eac t ion  of t h i s  water w i th  c o a l  o r  coal decom- 
pos i t i on  products would account f o r  t h e  h igh  hydrogen r ecove r i e s  and t h e  h igh  y i e l d s  
of carbon monoxide. 

CONCLUSIONS 

Acetylene w a s  the p r i n c i p a l  hydrocarbon gas produced when hvab c o a l  was i n -  
j ec t ed  i n t o  argon plasmas and was obtained i n  y i e l d s  a s  h igh  as 15 weight-percent 
of maf c o a l .  However, the  coa l  was no t  heated t o  temperatures high enough f o r  
complete d e v o l a t i l i z a t i o n  t o  occur.  To ob ta in  higher coa l  temperature and y i e l d s  
of gaseous products ,  changes i n  plasma genera tor  design and/or opera t ing  techniques 
t h a t  w i l l  r e s u l t  i n  more e f f i c i e n t  u t i l i z a t i o n  of t he  hea t  a v a i l a b l e  i n  plasmas 
w i l l  be requi red .  
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TABLE 2.-  Reactions of -325 mesh hvab coal% argon plasmas 
E f f e c t  of power input  on y i e l d s  and res idue  compositions 

(1 .17  scfm argon a s  working gas ,  0.26 scfm argon as c a r r i e r  gas) 

Experiment number 
Average c o a l  r a t e ,  l b / h r  
Average plasma temp., C 
T o t a l  power inpu t ,  kw 
N e t  power input ,  kw 

Products, w t  p c t  maf coa l  
Sol id  r e s idue ,  maf 
Hydrogen 
Methane 
Acetylene 
Diacetylene 
Carbon monoxide 
Carbon dioxide 

T o t a l  

Carbon recovery, pc t  
Hydrogen recovery,  p c t  

Analyses, w t  pc t  
Materia 1 

Mo is tur e 
Ash 

Ultimate composition, maf bas i s  
H 
C 
N 
S 
0 (by d i f f e rence )  

V o l a t i l e  mat te r ,  
ma€ b a s i s  

38 . 4 1  40 
1.03 0.84 0.74 

4,800 7,300 8,800 
4.8 7.5 10.2 
2.4 3.7 4 . 9  

73.6 62.9 45.3 
2.4 3.0 3.9 
2.7 0.5 0.6 
9.5 12.3 15.4 

t r a c e  t r a c e  t r a c e  
18.1 11.4 24.3 
1 .4  0.0 0.0 

107.7 90.1 89.5 

103.2 89.4 80.9 
126.6 115.8 130.5 

Coal - - - -  So l i d  residue----  
1.1 0.7 0.5 0 .6  
8 .3  1 1 . 2  11.4 11.9 

4.9 3.2 2.5 2.5 
81.9 89.2 90.0 90.9 

1 .5  1 .5  1.1 1.0 
1.5 1.1 1.1 1.1 

10.2 5.0 5.3 4.5 

37.2 17.4 10.2 . 12.3 

,/ 


